M
ycobacterium tuberculosis, the causative agent of tuberculosis, kills over one million people each year, and the global occurrence of multidrug and extensively drug-resistant strains is increasing (1) . Understanding the survival mechanisms of M. tuberculosis in the human host is key to controlling this devastating disease. In addition to the known mechanisms of the innate and adaptive immune response to infections (2, 3) , it is increasingly recognized that copper is utilized by macrophages to kill pathogenic bacteria (4, 5) . In most organisms, copper is used as a cofactor in a variety of enzymes, including cytochrome c oxidases, and is therefore an essential micronutrient (6) . However, copper is also toxic by a variety of mechanisms: lipid peroxidation (7), metal ion replacement in proteins (8) , formation of spurious disulfide bonds (9) , and oxidation and degradation of iron-sulfur clusters in proteins (10) . Hence, cells employ defense mechanisms against copper poisoning while maintaining sufficient intracellular copper levels (11, 12) .
Copper also is utilized in host immune systems to prevent infection (reviewed in reference 13). Not only is copper required for proper development of the immune system (14) , but also, new evidence shows that copper is employed at a cellular level to kill invading bacteria. Macrophages increase intracellular copper concentrations in response to multiple bacteria, including M. tuberculosis (5, 15, 16) . Additionally, we have shown that copper accumulates in granulomas of guinea pigs infected with M. tuberculosis and that copper resistance is required for full virulence in M. tuberculosis (4) .
The mechanisms of copper homeostasis in mycobacteria include copper efflux and sequestration of cytoplasmic copper by the metallothionein MymT (13, (17) (18) (19) . Multicopper oxidases play a crucial role in copper detoxification in many bacteria, including Escherichia coli (20) , Pseudomonas syringae (21) , Salmonella enterica (22) , and others (23, 24) . Multicopper oxidases are also required for virulence in Salmonella (22) and Xanthomonas campestris (25) . However, it is unknown whether the putative multicopper oxidase Rv0846c plays a role in copper resistance in M. tuberculosis. Multicopper oxidases catalyze the single-electron oxidation of four substrate equivalents coupled with the reduction of oxygen to water (26) . Four copper ions coordinated in two centers comprise the multicopper oxidase active site (27) . The type 1 copper center is the site of substrate oxidation, and the Cu coordination by cysteine gives multicopper oxidases their characteristic blue color (27) . The coupled type 2 and type 3 copper centers are the site of oxygen reduction (27) . Multicopper oxidases are conserved throughout all kingdoms of life, and prominent examples include fungal laccases and human ceruloplasmin (26, 27) . Multicopper oxidases can oxidize a variety of substrates, including phenolic compounds such as siderophores and lignins (26) .
Here we show that Rv0846c is a bona fide multicopper oxidase capable of oxidizing organic substrates and Fe(II). Thus, we have renamed Rv0846c MmcO, for mycobacterial multicopper oxidase. Importantly, the susceptibility of the ⌬mmcO mutant to copper in vitro was increased more than 10-fold compared to that of wild-type M. tuberculosis, indicating that MmcO also oxidizes toxic Cu(I). We also showed that the conserved residue cysteine 486 in the active site is required for oxidase activity and copper resistance. MmcO is membrane associated, possibly through a lipidation site at cysteine 35. Together, these results demonstrate that MmcO plays an important role in copper resistance in M. tuberculosis.
MATERIALS AND METHODS
Chemicals, enzymes, and DNA. Hygromycin B was purchased from Calbiochem. All other chemicals were purchased from Merck, Roche, or Sigma at the highest purity available. Enzymes for DNA restriction and modification were purchased from New England BioLabs. Isolation and modification of DNA was performed using standard protocols (28) . Oligonucleotides were obtained from Integrated DNA Technologies (see Table 2 ).
Bacterial strains, media, and culture conditions. Bacterial strains used in this work are described in Table 1 . E. coli was grown routinely in LB medium at 37°C with shaking. M. tuberculosis H37Rv and its derivatives were grown in Middlebrook 7H9 liquid medium supplemented with 0.2% glycerol, OADC (8.5 g/liter NaCl, 20 g/liter dextrose, 50 g/liter bovine albumin [fraction V], 0.03 g/liter catalase, 0.6 ml/liter oleic acid), and 0.02% tyloxapol or on Middlebrook 7H10 agar supplemented with 0.5% glycerol using premixed powders (Difco). The avirulent M. tuberculosis strain mc 2 6230 (kind gift from Bill Jacobs) and its derivatives were grown in the same media as H37Rv with the addition of 24 g/ml pantothenate and 0.2% Casamino Acids (acid hydrolyzed). Copper was added when required in the form of CuSO 4 at various concentrations. Antibiotics were used at the following concentrations when required: hygromycin (Hyg), 200 g/ml for E. coli and 50 g/ml for mycobacterial strains; kanamycin (Kan), 30 g/ml.
Plasmid construction. E. coli strain DH5␣ was routinely used for plasmid construction and propagation. Plasmids used in this work are described in Table 1 ; primers used are described in Table 2 . Plasmid pML1641 was generated by PCR amplifying mmcO from the wild-type (wt) M. tuberculosis chromosome using primers CN1695 and CN1698, the product was digested with SphI, primer CN1698 was used to add a SwaI half site, and the product was ligated into pMN016 (29) which was digested with SphI and SwaI. Plasmid pML1648 was generated by amplifying the upstream homologous region of mmcO using primers CN1702 and CN1703, which added PacI and NsiI restriction sites, respectively; the PCR product and empty knockout vector pML523 (30) were digested with PacI and NsiI and ligated. The downstream homologous region of mmcO was amplified with primers CN3119 and CN1700, which added an SpeI and SwaI half site, respectively; the PCR product was digested with SpeI and the vector pML1648 was digested with SpeI and SwaI, and the products were ligated to generate pML1649, the final mmcO knockout vector. The mmcO knockout vector was designed such that 9 bp upstream of the mmcO start codon and the entire mmcO gene, except the last 13 bp, were deleted. Plasmid pML1227 was generated by amplifying mmcO from (75) . p smyc refers to the mycobacterial promoter smyc. The subscripts "up" and "down" refer to upstream and downstream homologous regions used for recombination and knockout generation. [75] ). The Cre recombinase expression vector pCreSacB1 (a kind gift from Adrie Steyn) was used to excise the loxP-flanked gfp m 2ϩ -hyg cassette from the chromosomes of the mmcO DCOs. Unmarked deletion mutants were screened for loss of gfp. Strains were cured of pCreSacB1 by growth on 7H10-OADC plates containing 2% sucrose and incubated at 37°C. Single colonies were streaked in parallel on 7H10-OADC, 7H10-OADC-Kan, and 7H10-OADC-Hyg plates to confirm the loss of hyg and pCreSacB1. The unmarked mmcO (⌬mmcO::loxP, abbreviated ⌬mmcO) deletion mutants of M. tuberculosis mc 2 6230 and M. tuberculosis H37Rv were named ML1222 and ML1224 (Table 1) , respectively. Mutants were complemented with the replicative vector pML1641, pML1252, or pML1262, where indicated.
Southern blot analysis. Chromosomal DNA was extracted from wt and mutant strains according to standard protocols (33); subsequently, 5 g was digested with XmaI. Digested genomic DNA was separated on a 1% agarose gel; the gel was subsequently prepared and transferred according to standard protocols (34) . The DNA was cross-linked to the membrane using a UV cross-linker (240,000 J) and prehybridized for 3 h at 42°C in Dig-Easy hybridization solution (Roche). For analysis of the wt and mutant genomic regions, a probe was generated by PCR from wt genomic DNA using the primer pair CN1702/CN1703 and labeled using the PCR DIG labeling mix (Roche). Hybridization was carried out in the presence of 250 ng of digoxigenin-labeled PCR fragment at 50°C overnight. The membrane was washed, and the hybridized digoxigenin-labeled probe was detected with a horseradish peroxidase (HRP)-conjugated antidigoxigenin antibody following the recommendations of the manufacturer (Roche). An imaging system and the software LabWorks (UVP) were used to visualize the luminescence of blots. The software Gimp2.0 was used to adjust the contrast of images.
Protein overexpression and purification and antibody production. Protein for antibody production was overexpressed from pML1231 in E. coli strain BL21(DE3). Plasmid pML1231 expresses mmcO ⌬ 2-35 from a T7 promoter; the TAT secretion signal and putative lipidation site were removed to avoid complications from insufficient secretion or membrane association. Cells were grown to an optical density at 600 nm (OD 600 ) of 0.6, and expression was induced by the addition of 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) for 3 h. After lysis, protein was present and nearly pure as inclusion bodies. Protein was purified using Strep-Tag II and Strep-Tactin Sepharose (IBA Life Sciences). Polyclonal antiserum was produced in rabbits using the adjuvant Titermax (Open Biosystems).
Analysis of proteins by gel electrophoresis and Western blot. Cell lysates of M. tuberculosis were analyzed by separation on 10% SDS-PAGE and subsequent staining with Coomassie blue G-250 stain or by transfer and Western blotting. Protein sample loading buffer contained 1% ␤-mercaptoethanol to ensure reduction of cysteines. MmcO was detected using polyclonal antiserum (this study), and where indicated, RNA polymerase (RNAP) was used as a loading control and detected with monoclonal antibody clone 8RB13 (Neoclone). Goat anti-rabbit and goat anti-mouse (Sigma) secondary antibodies conjugated to horseradish peroxidase were used. Blots were visualized with an enhanced chemiluminescence (ECL) Western blotting substrate (Pierce). An imaging system and the software LabWorks (UVP) were used to visualize and quantify the luminescence of blots. The software Gimp2.0 was used to adjust the contrast of images.
Induction of mmcO expression in M. tuberculosis by copper. M. tuberculosis mc 2 6230 was grown to an OD 600 of 1.0 in liquid culture. Then, cultures were split and either left uninduced or induced with 200 M CuSO 4 for an additional 48 h. Cells were collected, washed twice with phosphate-buffered saline (PBS)-0.02% tyloxapol and resuspended in 5 l PBS-1% SDS buffer per mg (wet weight) of cell pellet. Cells were lysed by sonication and boiled with protein sample loading buffer before SDS-PAGE and Western blot analysis as described above.
Whole-cell lysate oxidase assays. Oxidase assays were performed as described previously, with modifications (20, 35) . M. tuberculosis mc 2 6230 and derivatives were grown in medium as described above to an OD 600 of approximately 1.0. Cells were collected and washed twice with 100 mM Tris (pH 7.8)-100 mM NaCl-0.02% tyloxapol and resuspended in the same buffer at 5 l buffer per mg (wet weight) of cell pellet. Cells were lysed by sonication, and lysate was cleared by centrifugation for 5 min at 16,000 ϫ g. Cleared supernatant was used in oxidase assays. The oxidase reaction mix contained 50 mM sodium acetate (pH 5.5), 250 M CuSO 4 , 10 l cell lysate, and 20 mM 2,2=-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 2 mM dimethoxyphenol (DMP), or 2 mM para-phenylenediamine (pPD) as the substrate. Reaction mixtures (200 l) were mixed in 96-well clear plastic, flat-bottom microplates (Costar) sealed with clear polypropylene film (USA Scientific) and monitored by microplate reader (Biotek Synergy HT). Reactions proceeded at room temperature (ϳ23°C) with shaking, and absorbance was read every 5 min for up to 8 h. The change in absorbance of ABTS, DMP, and pPD was monitored at 436 nm, 570 nm, and 468 nm, respectively. Ferroxidase assays were conducted as described above with 200 M FeSO 4 as the substrate. Fe(II) was injected into wells, and oxidation was monitored by the increase of absorbance at 315 nm (36) over 15 min, before precipitates formed. Reaction absorbance in all cases was corrected by subtracting the absorbance of substrate mix without lysate; samples were further normalized by the protein concentration of the lysate, which was determined by Bradford assay (Pierce). Oxidation rates of ABTS were determined using the extinction coefficient of oxidized ABTS at 436 nm, i.e., 29,300 M Ϫ1 cm Ϫ1 (20) . The kinetics of Fe(II) oxidation were determined using the extinction coefficient at 315 nm, i.e., 2,200 M Ϫ1 cm Ϫ1 (36) . Oxidation rates are expressed in M min Ϫ1 mg Ϫ1 (ABTS oxidation) or mM min
, where mg represents the mass of total protein in the water-soluble fraction used in the oxidase assays.
Copper susceptibility of M. tuberculosis. Drop assays to determine copper susceptibility were performed as described previously (4) . Briefly, M. tuberculosis mc 2 6230 and derivatives or M. tuberculosis H37Rv and derivatives were grown in media as described above to an OD 600 of approximately 2.0, washed in PBS (pH 7.4)-0.02% tyloxapol, and serially diluted in 10-fold increments in the same buffer, and 3-l drops were spotted onto plates (media were as described above) containing increasing concentrations of CuSO 4 . Plates were incubated at 37°C for 10 to 12 days until single colonies were visible at the lowest dilutions. Subcellular fractionation of M. tuberculosis. Protein localization was determined by subcellular fractionation as described previously (32) . Briefly, M. tuberculosis mc 2 6230 was grown in liquid culture, and cells were collected, washed in PBS, and resuspended in PBS-1 mM phenylmethylsulfonyl fluoride (PMSF) at 4 l per mg (wet weight) of cell pellet. Samples were lysed by sonication and incubated with 1 mg/ml lysozyme plus 15 U Benzonase at 37°C to complete cell wall and chromosomal DNA digestion. Unbroken cells were removed by centrifugation at 3,200 ϫ g. Samples were diluted 5-fold and centrifuged at 120,000 ϫ g for 1 h, the pellet (P100.1) and supernatant (S100.1) were separated, the pellet was resuspended, and centrifugation was repeated on both samples. The final pellet (P100.2, membrane fraction) and supernatant (S100.2, cytosolic fraction) along with cleared cell lysate were analyzed by SDS-PAGE and Western blotting as described above. Antibodies against IdeR (37) and GlpX (obtained from Axel Siroy) were used as markers for cytosolic proteins, and antibody against Rv1698 (4) was used as a marker for the membrane fraction.
RESULTS
The MmcO protein is highly conserved in pathogenic mycobacteria. MmcO (Rv0846c) was predicted as a multicopper oxidase based on conservation of active-site residues and homology to other multicopper oxidases (38) . MmcO is similar to multicopper oxidases throughout the order Actinomycetales and is conserved among almost all pathogenic mycobacteria, with the notable exception of Mycobacterium leprae, which contains only a pseudogene (see Fig. S1 in the supplemental material). MmcO shares between 69 and 99% amino acid sequence identity with its homologs in other pathogenic mycobacteria, such as Mycobacterium bovis and Mycobacterium marinum. MmcO is over 40% identical to its homologs in Corynebacterium glutamicum and Corynebacterium. diphtheriae. Interestingly, no multicopper oxidases are annotated in the genomes of the nonpathogenic Mycobacterium smegmatis, Mycobacterium chelonae, and Mycobacterium terrae.
Generation of an M. tuberculosis ⌬mmcO mutant. To examine the role of MmcO in copper resistance in M. tuberculosis, we generated mmcO deletion mutants by homologous recombination. The gene mmcO does not belong to an operon, since the surrounding genes are transcribed in the opposite direction. Marked double-crossover mutants (⌬mmcO::loxP-gfp m 2ϩ -hygloxP, abbreviated ⌬mmcO::hyg) were selected by hygromycin resistance and screened for GFP fluorescence. Mutants were subsequently unmarked, indicated by the loss of these markers, using an expression vector encoding the recombinase Cre. We generated mutants of both the virulent M. tuberculosis strain H37Rv and the avirulent strain mc 2 6230. The avirulent mc 2 6230 mutant contains deletions of the RD1 region as well as the pantothenate biosynthesis genes panCD (39) . The avirulent strain had the same copper susceptibility as its virulent parent strain H37Rv and was used primarily for biochemical assays. Marked mutants (⌬mmcO::hyg) and unmarked mutants (⌬mmcO::loxP; referred to here as ⌬mmcO) in M. tuberculosis mc 2 6230 and M. tuberculosis H37Rv (unmarked only) were confirmed by Southern blotting (Fig. 1A  and B) . The deletion strategy employed replaced the mmcO gene, except for 13 bp at the 3= end, with a single loxP site. Loss of MmcO in M. tuberculosis mc 2 6230 was confirmed by Western blotting (Fig. 1C) .
Expression of the mmcO gene is increased by copper. Previously, quantitative RT-PCR experiments showed that mmcO transcription is increased by addition of copper (40) and is regulated by the copper-responsive RicR protein (41) . To examine how MmcO protein levels changed in M. tuberculosis under copper stress, we utilized the avirulent M. tuberculosis strain mc 2 6230 and its isogenic ⌬mmcO mutant. A single band with an apparent molecular mass of 56 kDa, the predicted size of MmcO, was detected by an MmcO antiserum in wt M. tuberculosis (Fig. 1C) . MmcO protein levels increased by 6-fold when 200 M copper was added to the medium (7H9 supplemented with OADC, pantothenate, and Casamino Acids) (Fig. 1C) . In addition to the dominant band with the same electrophoretic mobility as basal MmcO, a faint band with a higher apparent molecular mass was observed when M. tuberculosis was exposed to copper. MmcO contains a twinarginine translocation (TAT) signal at the N terminus (42) . Previous reports showed that the TAT secretion system is more easily saturated than the Sec secretion system, leading to incomplete transport and processing of TAT substrate proteins (43, 44) . Thus, the additional band might result from unprocessed MmcO protein in copper-stressed M. tuberculosis due to incomplete translocation and processing of the TAT secretion signal when the mmcO gene is overexpressed.
MmcO is a multicopper oxidase. We used in vitro oxidation assays to examine whether MmcO has the predicted multicopper oxidase activity. Several attempts to obtain soluble, functional MmcO from a variety of systems and conditions failed. Expression of mmcO under the control of the T7 promoter in E. coli BL21(DE3) resulted in inclusion body formation, regardless of the presence of a TAT signal sequence, the temperature during growth or induction, or addition of copper to growth medium. Expression of a fusion protein of MmcO with the maltose-binding protein at the N terminus in E. coli also resulted in an insoluble protein, possibly due to the lack of TAT signal or missing chaperones. Fusion of the E. coli CueO signal peptide (amino acid residues 1 to 28) with MmcO lacking its native TAT signal peptide (MmcO amino acid residues 36 to 504), with the gene fusion expressed under the control of the cueO native promoter, resulted in only very low levels of protein even under copper induction. The CueO-MmcO fusion protein did not complement the loss of CueO in an E. coli ⌬cueO strain. Expression of mmcO using inducible expression systems in M. smegmatis (45, 46) resulted in only very small amounts of protein, which could not be purified.
Therefore, we used cleared whole-cell lysates of different strains to characterize the multicopper oxidase activity in M. tuberculosis. To this end, we monitored oxidation of 2,2=-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), a widely used substrate for multicopper oxidases because of its rapid oxidation and easy photometric detection, by whole-cell lysates of wt mc 2 6230 and the ⌬mmcO mutant (20, 35) . Wildtype lysate showed slow ABTS oxidation (2 M min Ϫ1 mg
Ϫ1
total soluble protein in assay), which was 17-fold increased when cultures were exposed to copper for 48 h before lysis (34.5 M min Ϫ1 mg Ϫ1 ) ( Fig. 2A) . This result is consistent with the low expression of mmcO under standard growth conditions and the 6-fold-increased expression when cells were copper stressed (Fig.  1C) . Lysates of the ⌬mmcO mutant did not oxidize ABTS independently of copper stress during growth, demonstrating that MmcO (Rv0846c) is the only multicopper oxidase present in M. tuberculosis under the conditions tested. Wild-type whole-cell lysates also oxidized other known multicopper oxidase substrates, such as para-phenylenediamine and dimethoxyphenol (data not shown). Overexpression of mmcO in the ⌬mmcO mutant restored ABTS oxidation activity, which was increased compared to that of copper-stressed wt M. tuberculosis (Fig. 2B) The putative lipidation site is dispensable for MmcO activity. We investigated the role of the putative lipidation site, cysteine 35 (predicted by the LipoP server [47] ), in MmcO oxidase activity. Mutation of cysteine 35 to alanine (MmcO C35A ) left the TAT translocation signal intact and had only a minor effect on oxidase activity (Fig. 2B) . ABTS was oxidized by MmcO C35A at 450.9 M min Ϫ1 mg Ϫ1 and 236.8 M min Ϫ1 mg Ϫ1 in lysates of M. tuberculosis untreated and copper treated, respectively, a slight reduction compared to wt MmcO. The protein levels of mutant MmcO C35A and wt MmcO in the M. tuberculosis ⌬mmcO mutant were similar, indicating that the mutation did not lead to degradation (data not shown). This result showed that lipidation of MmcO is not essential for the multicopper oxidase activity of MmcO but rather stimulates its activity in M. tuberculosis.
The active-site cysteine 486 is required for MmcO activity. Multicopper oxidases contain one cysteine residue which is critical to the coordination of the type 1 (T1) copper, the site of substrate oxidation (27) . In MmcO, the T1 copper is coordinated by cysteine 486, based on the alignment with fully characterized multicopper oxidases (see Fig. S1 in the supplemental material). Mutation of the cysteine in the T1 E. coli CueO (C500S) resulted in protein which was expressed and fully folded but nonfunctional and could be crystalized under the same conditions as wt CueO (48, 49) . Similarly, the MmcO C486A protein failed to restore ABTS oxidation activity in the M. tuberculosis ⌬mmcO mutant (Fig. 2B) . The MmcO C486A protein was detected in the ⌬mmcO mutant at levels similar to those of wt MmcO by Western blot analysis (data not shown). These results show that the active-site Cys486 residue is required for substrate oxidation.
MmcO has ferroxidase activity. Some multicopper oxidases can oxidize metals. Well-known multicopper oxidases Fet3P from Saccharomyces cerevisiae and ceruloplasmin from humans are ferrous and cuprous oxidases (50) . Examples of bacterial metallooxidases include CueO, which oxidizes Fe(II) to Fe(III) and Cu(I) to Cu(II) (49) , and the Pseudomonas aeruginosa multicopper oxidase, which also oxidizes Fe(II) to Fe(III) (51) . Thus, we examined whether MmcO has ferroxidase activity similar to other multicopper oxidases (MCOs). Cultures of wt M. tuberculosis, the ⌬mmcO mutant, and the complemented strains were grown in 7H9 medium with supplements (OADC, Casamino Acids, and pantothenate) and exposed to 200 M copper prior to lysis. Oxidation of Fe(II) by whole-cell lysates was monitored by absorbance at 315 nm, which reflects the appearance of Fe(III) in solu- tion (36) . Because Fe(III) quickly forms insoluble particles in solution, the ferroxidase assay was stopped after 15 min, when such particles appeared. The parental strain M. tuberculosis mc 2 6230 and the ⌬mmcO mutant expressing mmcO or mmcO C35A had ferroxidase activity (Fig. 3) . Ferroxidase activity was increased in cultures exposed to copper before lysis compared to untreated cells (data not shown Ϫ1 , but oxidation activity did not reach the maximum achieved by wt lysates (Fig. 3) . It is possible that other oxidases or excess copper in the whole-cell lysates of the ⌬mmcO mutant resulted in slightly increased oxidation of Fe(II) over air background. Expression of mmcO C486A in the ⌬mmcO mutant did not significantly alter Fe(II) oxidation compared to that obtained with the lysate of the ⌬mmcO strain. These results demonstrate that MmcO has iron oxidase in addition to ABTS and phenol oxidase activity and that the active-site residue cysteine 486 is required for this catalytic activity.
MmcO is required for copper resistance in M. tuberculosis. Multicopper oxidases are required for copper resistance in several bacterial species (20) (21) (22) 24) . Thus, we hypothesized that MmcO may also be required for copper resistance in M. tuberculosis. We used a serial dilution assay on Middlebrook 7H10 agar plates with OADC (for H37Rv) or 7H10 with OADC and supplemented with pantothenate and Casamino Acids (for mc 2 6230) containing increasing amounts of copper to determine the copper susceptibility of the ⌬mmcO mutants. Mutant strains did not show any growth defects on standard 7H10 medium (Fig. 4) in agreement with previous results showing that MmcO is not required for in vitro growth under standard conditions by transposon site hybridization (TraSH) (52) . However, the ⌬mmcO mutant was susceptible to copper at 50 M in solid medium (Fig. 4A) , while the wt grew normally at copper concentrations up to 75 M (Fig. 4B) . Overexpression of mmcO or mmcO C35A restored growth of ⌬mmcO at 50 M copper. Importantly, mmcO C486A only slightly complemented growth, demonstrating that the oxidase activity of MmcO is required for copper protection in M. tuberculosis (Fig. 4A) . Additionally, we compared the ⌬mmcO mutant to our previously characterized copper-susceptible ⌬rv1698 mutant (4). The ⌬mmcO mutant was highly susceptible to 75 M copper, while the ⌬rv1698 strain grew normally (Fig. 4B) .
To confirm that copper susceptibility was the direct result of loss of MmcO and not an unknown interaction between MmcO and components of RD1 or pantothenate biosynthesis in the avirulent M. tuberculosis strain mc 2 6230, we repeated the experiment using virulent M. tuberculosis H37Rv and its isogenic mutant ML1224 (H37Rv ⌬mmcO) ( Table 1) . Deletion of mmcO in H37Rv resulted in copper susceptibility, similar to results obtained in M. tuberculosis mc 2 6230 (Fig. 4C) . M. tuberculosis H37Rv and H37Rv ⌬mmcO grew equally well on standard 7H10 medium with OADC, which contains 6.3 M copper. However, ⌬mmcO had a severe growth defect on plates containing 50 M copper and did not grow on plates containing 75 M copper. These results show that MmcO is required for copper resistance in M. tuberculosis and that this activity is dependent on a functional active site (Cys486) and independent of the putative lipidation site Cys35.
MmcO is associated with membranes. Many multicopper oxidases are membrane associated, including eukaryotic Fet3p of S. cerevisiae, hephaestin in humans, and CotA of Bacillus subtilis (53) . However, periplasmic multicopper oxidases of Gram-negative bacteria (CueO of E. coli and the multicopper oxidase of Campylobacter jejuni) are not membrane associated (24, 44) . MmcO carries a potential lipidation site at Cys35 and is secreted by the TAT secretion system (42) , indicating that this protein may be membrane associated in the periplasm of M. tuberculosis. We characterized the localization of MmcO by subcellular fractionation. Separation of the membrane fraction from the cytosol and soluble periplasmic fraction was monitored with the marker proteins Rv1698 (membrane) and GlpX and IdeR (cytoplasm) (Fig.  5) . Seventy percent of MmcO was membrane associated (Fig. 5) . The incomplete fractionation pattern may be an overexpression artifact, as was observed before (Fig. 1C) .
DISCUSSION
MmcO is required for copper resistance in M. tuberculosis. Deletion of the mmcO gene results in at least 10-fold-increased sensitivity to 50 M copper in wild-type M. tuberculosis. Lack of the copper metallothionein MymT or Rv1698 increases the susceptibility of M. tuberculosis to 150 M copper (4, 54) . In contrast, the putative copper efflux pump CtpV had only a minor effect on copper resistance in M. tuberculosis (55) , possibly due to redundancy with another P-type ATPase, CtpG, which is induced under copper stress in the M. tuberculosis ⌬ctpV mutant (55) . Direct comparison revealed that the M. tuberculosis ⌬mmcO mutant was more susceptible to copper than ⌬rv1698 mutant under the same conditions. These results indicate that MmcO is a major component of copper resistance of M. tuberculosis.
Comparison between the different mutants is difficult because the published experiments were performed under different conditions. For example, liquid culture copper exposure and subsequent CFU counts were used to determine the copper susceptibility of the M. tuberculosis ⌬ctpV mutant (55) . We have observed that addition of copper to liquid medium, even in the presence of copper-binding albumin, causes cells to form aggregates, which makes determinations of optical density or even CFU counts difficult or error-prone (4). Further, albumin binds copper (56) and thus decreases the effective concentration of copper in the culture medium and increases the apparent MIC of copper. Finally, some experiments were performed using Middlebrook 7H11 medium, which contains enzymatically digested casein, a mixture of small peptides and amino acids which are known to sequester copper, masking the true susceptibility of mutant strains to copper (57) . We found that 7H11 medium protects against copper toxicity much more than 7H10 medium supplemented with acid-hydrolyzed casein, possibly due to incomplete protein digestion of enzymatically treated casein. A further complication is that the published deletion mutants were generated using different disruption methods, i.e., by transposon mutagenesis or allelic exchange with or without leaving resistance markers in place. Clearly, direct comparison of marker-free M. tuberculosis mutants with in-frame deletions of copper homeostasis genes, under the same conditions, preferably using medium without albumin and enzymatically hydrolyzed casein, is required to ultimately quantify the contributions of individual proteins to the different mechanisms of copper homeostasis in M. tuberculosis.
MmcO is a multicopper oxidase with ferroxidase activity. Several ferroxidases, including CueO of E. coli and McoC of C. jejuni, also have cuprous oxidase activity (58) , suggesting that the physiological role of MmcO might be to oxidize toxic Cu(I). Indeed, elimination of the oxidase activity of MmcO impairs its ability to protect M. tuberculosis against copper (Fig. 4) . However, siderophore oxidation has been proposed as an alternative, indirect mechanism by which bacterial MCOs could protect against copper toxicity. According to this model, a side reaction of Fe(II)-siderophore complexes is to reduce Cu(II) to the more toxic Cu(I), and thus, CueO oxidation of Fe(II)-loaded siderophores results in lower levels of Cu(I) (59) . It has not been definitively determined whether CueO protects E. coli from Cu(I) toxicity by direct oxidation of Fe(II) siderophores or by a combination of both mechanisms (59) .
Some multicopper oxidases, such as E. coli CueO and Pseudomonas syringae CopA, bind additional copper ions outside the active site. The extra copper binding sites of CueO are part of a methionine-rich helix which may serve to feed copper into the substrate oxidation site (48) . M. tuberculosis MmcO does not contain such a methionine-rich helix (see Fig. S1 in the supplemental material). P. syringae CopA, on the other hand, acts by sequestering excess copper, either by binding it in the periplasm or by binding copper in the cytoplasm and translocating it to the periplasm (21) . However, the active-site mutant MmcO C486A did not restore full copper resistance to M. tuberculosis, demonstrating that MmcO protects M. tuberculosis against copper stress mainly by oxidase activity, with possible contribution from copper sequestration. It is unclear whether MmcO oxidizes Cu(I) directly or if it acts on another substrate, which then reduces or sequesters Cu(I).
Role of lipidation of MmcO. MmcO contains a cysteine residue downstream of the twin-arginine translocation signal sequence in a predicted lipidation motif. Acyl-transferases link fatty acids to a cysteine immediately after the cleavage site of the signal peptidase to convert the exported protein into a lipoprotein (60) . Lipoproteins can be substrates of the Sec or TAT translocation systems (61) . While periplasmic proteins in Gram-positive bacteria are lipoproteins (62) , their counterparts in Gram-negative bacteria are often not acylated (63) , probably because the outer membrane retains these proteins within the cell boundaries. Interestingly, many periplasmic proteins in mycobacteria contain lipoboxes, although mycobacteria have an outer membrane (64) . For example the periplasmic binding proteins associated with ABC transporters are not acylated in Gram-negative bacteria but are lipoproteins in mycobacteria (65, 66) . In this study, we show that cysteine acylation of the predicted lipoprotein MmcO of M. tuberculosis is dispensable for its function. Subcellular fractionation of MmcO C35A showed that a portion of the protein is still membrane associated (data not shown). It is unclear whether this membrane association is transient and due to the hydrophobic helix in the uncleaved TAT signal peptide. Since the TAT signal peptide as the translocation signal is not altered, it is likely that the MmcO C35A mutant is localized in the periplasm, as is wt MmcO. However, we cannot exclude the possibility that some MmcO C35A protein might be in the cytosol. Even if this were the case, it is unknown whether the usually periplasmic multicopper oxidases would be active in the cytosol. It is possible that lipidation orients the MmcO protein in the membrane or alters protein conformation such that the active site is more accessible, maybe in association with other proteins. Such a scenario would provide an explanation for the reduced oxidation activity of MmcO C35A compared to wt MmcO.
Role of protein localization in copper resistance of M. tuberculosis. MmcO and the putative MCOs of other mycobacterial species contain a twin-arginine translocation signal sequence, which is utilized by bacteria to translocate folded proteins across the inner membrane (67) . It is possible that MmcO binds copper in the cytoplasm and is then exported; however, there is evidence that MCOs are folded and exported without the full complement of cofactors (48, (68) (69) (70) . Fusions of the MmcO signal peptide with ␤-lactamase indicate that MmcO is a periplasmic protein (42) , similar to several other bacterial multicopper oxidases, including CueO (20) , CopA of Pseudomonas syringae (21) , and C. jejuni McoC (58) . The putative localization of MmcO in the periplasm and its important role in copper resistance indicate that detoxification of periplasmic Cu(I) is the physiological role of MmcO in M. tuberculosis (Fig. 6 ). CtpV and MymT both protect the cytoplasm from copper stress, and hence, the absence of either one of those proteins may, at least partially, be compensated for by the other protein (Fig. 6 ). Locational redundancy of CtpV and MymT may explain why the ⌬ctpV mutant is not much more susceptible to copper than wild-type M. tuberculosis (55) . The absence of Rv1698 causes copper to accumulate in M. tuberculosis (4); however, the mechanism of action of Rv1698 and its precise localization are unclear (13) . Taken together, the results of this study showed that MmcO plays a key role in the copper resistance of M. tuberculosis. It is important to identify all components of copper homeostasis in M. tuberculosis (Fig. 6) and to elucidate the interplay of these mechanisms to understand how M. tuberculosis withstands the copper overload of the phagosome in macrophages (15) . A better understanding of copper homeostasis in M. tuberculosis may also help to utilize copper in the development of novel anti-TB drugs, as shown recently (71) .
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